The contribution of antigen-driven B cell adaptive immune responses within the inflamed muscle of inflammatory myopathies is largely unknown. In this study we investigated the immunoglobulin V H gene repertoire, somatic hypermutation, clonal diversification, and 
Introduction
Inflammatory myopathies (IMs) are a group of autoimmune diseases, associated with inflammatory cell infiltration to the muscle and muscle weakness; this can vary from mild to severe or, in some cases, absence of muscle weakness (amyopathic DM). IMs are composed of three principal subsets: dermatomyositis (DM), polymyositis (PM) and inclusion body myositis replacement mutations, especially in the complementarity determining regions (CDRs) [11] .
We have investigated this by identifying muscle-infiltrating B cells and plasma cells, examining selection for their expressed Ig V-genes, analysing selection for replacement mutations, and by comprehensive analysis of their clonally-related Ig V-gene sequences using IgTree© [12] . The results clearly emphasise the role of B cells within IM disorders.
Results

Identification of muscle-infiltrating B cells in inflammatory myopathies
B cells (CD20 + ) and plasma cells were identified in the inflamed muscle of 12 from 17 myositis patients (2/4 DM, 9/11 PM and 1/2 IBM) and absent in the normal control muscle ((Supporting Information Table 1 ) ( Figure 1A & C), also briefly reported in [11] ). Muscle-infiltrating B cells
were present in loose to dense cellular aggregations in the appropriate perivascular/perimysial or endomysial locations corresponding with the myositis subset but no classical GC structures were observed. The largest infiltration of CD20 + B cells was observed in the muscle samples from DM patients, with low numbers in the PM and IBM samples; each sample contained significant numbers of plasma cells. FDCs were rare in all samples, and were only observed in small proportions in 3 PM patients and the 1 IBM patient ( Figure 1B Proliferating (Ki67 + ) cells were also observed in a number of samples ( Figure 1D ); double immunofluorescent staining revealed proliferating CD20 + B cells ( Figure 1E and [11] ), as well as CD4 + and CD8 + cells (not shown).
Ig V-gene repertoires of muscle-infiltrating B cells in DM and PM differ from control repertoires
148 independent rearranged Ig V-genes from micro-dissected populations of muscle-infiltrating cells (93-DM; 55-PM) were amplified and sequenced to determine whether there is selection for specific Ig V H , D and J H exons. Ig V-gene repertoires were established for each patient (2 DM and 9 PM) followed by a pooled analysis from patients in each myositis DM/PM subset. The results suggest selection of particular Ig V-genes in both a patient-specific and, in some instances, disease-specific manner relative to the normal peripheral blood (PB) B cell [13] and germline repertoires (Figure 2A-C) . Over 600 sequences were initially analysed; following the removal of duplicate sequences (with the same V H , D, J H , CDR3 sequence and point mutations) and those which gave unreadable sequence readouts. Some of these results have been briefly described elsewhere [11] . Most of the significant deviations from the normal V H gene repertoire were observed in DM patients ( Figure 2A 
Abundant hypermutation in Ig V-genes expressed by muscle-infiltrating B cells in DM and
PM patients
To examine SHM and clonal expansion within the muscle infiltrating repertoire, the numbers, locations and distributions of single-point mutations in each rearranged gene were established and are presented as pooled data according to the myositis DM/PM subset ( Figures 2D and 2E ).
The frequency of mutations suggests infiltration of distinctive subsets of B cells into inflamed muscle in DM and PM patients ( Figure 2D ). In DM patients, almost 50% of sequences contained 0-2 mutations in the V H region, suggesting that there is a large population of naïve cells in this subset compared with that in PM patients, where the majority of cells contained a large number of mutations.
As expected, the majority of single point mutations were found within the CDRs ( Figure 2E ) and the percentage of mutations within CDR1 was similar for DM and PM patients, whereas CDR2 in PM was more heavily mutated. Due to difficulties in ascertaining mutations within CDR3, mutational analysis was not conducted for this part of the gene.
Clonal expansion of muscle-infiltrating B cells in inflammatory myopathies
Lineage trees, demonstrating clonal expansion of the infiltrating B cells in situ, were constructed from the 38 clonally-related Ig V-gene sequences isolated from 2 DM and 3 PM patients (with the exception of one clone from patient M1) using IgTree© [12] ( Figures 3A-C of the myositis lineage trees had long trunks and were less branched compared to the normal GC and PB trees. The long trunks imply that the founder cells are either memory B cells which were activated elsewhere, or that the disease has been ongoing for a long period of time.
In addition to the qualitative assessments, lineage trees from myositis patients were also quantitatively measured to evaluate the extent of clonal diversification, mutation and antigendriven selection in comparison to normal GC and PB trees ( Figure 3D ). Lineage tree properties demonstrated several significant differences between myositis and normal controls, as follows.
The myositis trees had significantly longer minimal root-to-leaf paths (PL-min) and root-to-fork distances (DRSN-min) compared to both groups of normal control trees, due to the significantly longer trunk lengths. These results suggest that the response has been ongoing for a long time, as befits a chronic inflammatory reaction which included the observed B cell clones. In addition, the myositis clones had a significantly lower average outgoing degree (OD-avg, i.e., the average number of children per node) compared with that of the normal controls. This may imply, according to correlations with B cell response dynamic parameters [15] , a higher mutation rate in the myositis clones, compared with that of the normal controls. However, this interpretation should be taken with caution, as the differences observed in OD may also be due to a lower sampling size in the myositis data group.
Comprehensive Ig V-gene mutational analyses show deviations from normal responses
To further enhance our understanding of the antigen-driven SHM and affinity maturation processes ongoing within the muscle, several types of mutational analyses were performed on the myositis and control sequences. All were performed per-tree, and thus avoid mutation overcounting. We first examined the SHM spectrum in myositis in comparison with normal GC and PB sequences ( Figure 4 ). The mutation spectra seen in the myositis sequences were significantly different from those of the PB normal control sequences ( Figure 4A ). A/T nucleotides were mutated with lower frequencies than those of C/G nucleotides, and the frequencies of mutations from A and T were similar, in contrast to the normally observed mutation bias from A nucleotides. C/G nucleotides were also mutated with the same frequency, similarly to what is normally observed. The myositis sequences also exhibited a slight transversion bias, which was significantly different from the transition bias observed in both normal controls ( Figure 4B ) and in additional studies [16;17] . In mutations from A/T, the myositis targeting motifs were similar to those of the normal controls and the motifs reported in the literature. However, in mutations from C/G, the myositis sequences failed to show the normal targeting motifs in position +1 in mutations from C and in positions -1 and +2 in mutations from G. In addition, the different motifs around C/G mutations did not exhibit reverse complementarity, implying that the activation-induced cytidine deaminase (AID) machinery does not act equally on both strands in this case ( Figure 4C ). There may be several reasons for these deviations, as discussed below.
Next, we analysed R and S mutations within the FWR and CDRs of the clonally-related myositis sequences, comparing the myositis clones with normal GC and PB clones as constructed by IgTree© [12] . In the FWRs, the myositis and normal control groups showed significant positive selection for R mutations (P=0.03 and 2x10 -7 , respectively). However, most of these mutations were either conservative or neutral, as demonstrated by the amino acid (aa) substitution analysis (see below). Thus these results indicate that there is no real selective drive towards a change in the FWR structure in the clonally-related sequences. In the CDRs the myositis group showed a weak (not significant) positive selection for R mutations, as expected if these clones, at the time of observation, were still undergoing affinity maturation and selection for the Ag.
Finally, aa substitutions were enumerated for the myositis and the normal control groups. Each mutation was enumerated in the FWRs and CDRs separately ( Figure 5 ). The average frequency of aa substitutions in the myositis group ("all regions", referring to the combined CDRs and FWRs) was significantly higher than that of the normal GC (P-value = 0.013) and significantly lower than that of the normal PB (P-value = 4.63E-10) groups, due to the different number of mutations in each group. Most R mutations in all data groups were found in the FWRs (>70% in all groups, out of total R mutations) rather than CDRs. However, most of these were either conservative or neutral (17%, 80% and 83% in the myositis, normal GC and normal PB respectively, out of the total R mutations in the FWRs). Indeed, it was shown [18] that Ig Vgenes have evolved in such a way that FWR codon usage is biased to result in a minimum of non-conservative aa replacements. In addition, most mutations were clustered around the diagonal, showing a conservation of hydrophobicity, which is important for conservation of protein structure, as expected in the FWRs.
Identification of antigen-specific muscle-infiltrating B cells in inflammatory myopathies
The identification of antigen-specific cells was briefly explored towards the conclusion of this study, to elucidate the identity of antigen(s) as potential candidates for stimulating the response.
Antigen-specific cells were initially identified using light microscopy (not shown) with antigenspecific B cells and plasma cells identified using double immunofluorescence microscopy on Taken together, our comprehensive lineage tree and mutation analyses provide evidence for vigorous B cell antigen receptor diversification in myositis patients, with antigen-driven selection acting to change the CDRs, as expected in normal immune responses. However, the mutation spectra differed in several aspects from those observed in controls. The SHM mechanism may be over-exhausted due to chronic activation, as was also suggested by the higher mutation rates (according to OD-avg) found in the myositis clones, and thus may be responsible for the altered mutation spectra and targeting motifs. Alternatively, different microenvironmental signals may lead to subtle differences in the expression of the enzymes that participate in SHM, as suggested in our previous study [17] . Indeed, the myositis lineage trees had long trunks, suggesting either that they started diversifying elsewhere and continued diversifying in the inflamed muscle, or that the diversification observed here started in the muscle long before the biopsies were taken, such that only its latest stages are observed. [29] , also found in our myositis group and in paucity in both controls, especially in mutations from T, where C was in excess in position -1 and -2. The myositis sequences also demonstrated a transversion bias. Polymerase-eta has been shown to favour transition mutations [29] , and thus its absence or malfunction may lead to fewer transition mutations.
Previous studies have shown that polymerase-kappa, a low fidelity polymerase with a bias toward transversion mutations, is recruited in the absence of polymerase-eta. The myositis sequences also failed to show the normal targeting motifs in mutations from C/G in several positions, which may indicate additional defects in the first phase of the SHM mechanism, which is responsible for mutations from C/G nucleotides. Indeed, disruptions in the activity of uracil DNA glycosylase (UNG), which is responsible for the excision of the U incorporated by AID, were previously shown to block transversion mutations from C/G nucleotides [29] .
Recently, UNG has been found to be upregulated in MG patients [34;35] , and a transversion bias was demonstrated in patients with MG [17] , similar to the findings in the myositis sequences. These results may reflect the ectopic microenvironment in which these B cells undergo SHM; the lack of regulation outside GCs [36] antigen-specific, B cell reactions more fully, future studies need to address the nature of the stimulating antigen(s), the specificity and pathogenicity of the secreted antibodies and to establish the pathological mechanisms of these antibodies within the myopathies, leading to new and improved therapies for these diseases.
Materials and methods
Patients and samples
Archival muscle biopsies were obtained from the Pathology Department, Western Infirmary, Glasgow after informed consent, with approval of the area Research Ethics Committee (Supporting Information Table 1 ). Biopsies were embedded in OCT and either stored in liquid nitrogen or at -70°C. Serial frozen sections (8 µm) were cut and mounted on positively charged slides (VWR, UK), air dried, fixed in acetone for 10 minutes and stored at -70°C.
Immunohistochemical staining of tissue sections
Serial frozen sections were stained for cellular infiltrates at intervals of 40 -80 μm, as previously described [25] , using mouse monoclonal antibodies to CD20 (1:50), CD3 (1:100), 
Micro-dissection and DNA extraction
To establish the antibody repertoire, areas containing B cell and plasma cell aggregations were micro-dissected using sterile blood lancets under a Nikon Diaphot inverted microscope (Melville, NY), and DNA was released by proteinase K digestion using QIAGEN DNA Micro Kit (QIAGEN, Sussex, UK), according to the manufacturer's instructions. The DNA preparation was used as a template for subsequent primary PCR reactions.
Amplification, cloning and sequencing of rearranged immunoglobulin V H genes
Immunoglobulin genes from infiltrating plasma and B cells were amplified using a nested PCR system as previously described [25] . All amplification reactions were prepared in a Captair™Bio Biocap™RNA/DNA hood (Erlab, France) and were conducted on a T- 
Repertoire of rearranged V H genes expressed on muscle infiltrating B cells from DM and PM patients
To establish the Ig V-gene repertoire and SHM characteristics of the muscle infiltrating plasma and B cells, and to identify clonally related sets of sequences, sequences were analysed using
Chromas Lite software and the best matching corresponding human germline genes were identified by searching the IMGT database using JOINSOLVER (http://joinsolver.niams.nih.gov) and IMGT/V-QUEST software (http://imgt.cines.fr) [42;43] .
The full repertoire of Ig genes expressed on muscle infiltrating B cells and/or plasma cells was established for each patient; data were then pooled and presented according to the myositis subset (DM/PM). In order to assign the best matching D gene segment with 95% probability, methods were conducted as described [43] . D genes were statistically assigned with 95% probability in 59% and 42% of DM and PM repertoires respectively. Clonally related sequences were identified on the basis of identical VDJ gene rearrangements, CDR3 regions and junctional sequences and the number of base changes regarded as significant was based on the PCR error rate for the polymerase, previously determined, to be less than one base per 4 V H gene segments [25] .
Comprehensive mutation analysis of clonally-related Ig V-genes from muscle infiltrating B cells
Mutations in clonally-related sets of V-genes identified from DM and PM patients (analysed collectively as myositis patients) and GC controls were enumerated and analysed in further detail using IgTree© [12] and additional programs incorporated into IgTree© [16;17;44;45] that perform analysis of mutation targeting motifs, aa replacements and RS analyses utilizing the focused binomial test of Hershberg et al. [46] . Thus, the results are subject to the tree structure created by the IgTree© program, as previously described [16;17;44;45] .
Statistical analysis
The distribution of V H , D and J H family usage in each myositis subset, as well as individual V H , D and J H gene usage, was compared to normal control values described elsewhere [13] and assessed using χ 2 analysis using GraphPad Prism (GraphPad Software Inc., San Diego CA, USA), P values < 0.05 were deemed significant. Statistical analysis for the comprehensive mutational analysis of clonally related Ig V-genes was conducted as previously described Tables 1 and 2 2) Supplementary Results and Supplementary Figure 1 3) Supplementary Methods a) Clonally-related sequences were identified based on a common VDJ gene rearrangement, CDR3 and junctional composition. Best matching germline genes were identified by searching the IMGT database using the JOINSOLVER software. In some cases a D gene could not be assigned with statistical significance according to the assignment criteria [43] .
Supplementary
b) A total of 252 mutations were analysed using IgTree©;
c) The total number of sequences analysed, including replicates, was 38; d) Indicates that the germline gene was also isolated from the myositis B cell infiltrating population; e) Two additional genes were also identified which exhibited the same CDR3, VD and DJ junctional sequences and a similar mutational pattern but the VH sequences were matched with a higher score to a different gene.
Supplementary Results
Identification of antigen-specific muscle-infiltrating B cells in inflammatory myopathies
The identification of antigen-specific cells was briefly explored towards the conclusion of this study, to elucidate the identity of antigen(s) as potential candidates for stimulating the response. Antigen-specific cells were initially identified using light microscopy (not shown) with antigen-specific B cells and plasma cells identified using double immunofluorescence microscopy on biopsies from 5 patients whose sera contained antibodies against Jo-1 (a myositis-specific antigen), nuclear antigens Sm/RNP, Scl-70 and DNA, singly or in antigen-specific cells (B cell or plasma cell) was uniform throughout the sections, with the exception of one sample with specificity towards Scl-70. Jo-1 specific B cells and plasma cells have been described briefly elsewhere [10] . Antigen-specific cells were isolated using laser capture micro-dissection followed by single cell V-gene amplification or amplification of V-genes from a small number of cells with the same antigen-specificity. Within the constraints of the study only a limited number of sequences were isolated and sequenced; therefore, no definitive conclusions can be drawn concerning the V-gene repertoire and mutation patterns used by autoantigen-specific cells.
Supplementary Figure 1
Representative examples of sections of inflamed muscle from IM patients stained for CD20 
